-During ischemia and some types of muscular contractions, oxygen tension (PO2) declines to the point that mitochondrial ATP synthesis becomes limited by oxygen availability. Although this critical PO2 has been determined in animal tissue in vitro and in situ, there remains controversy concerning potential disparities between values measured in vivo and ex vivo. To address this issue, we used concurrent heteronuclear magnetic resonance spectroscopy (MRS) to determine the critical intracellular PO2 in resting human skeletal muscle in vivo. We interleaved measurements of deoxymyoglobin using 1 H-MRS with measures of high-energy phosphates and pH using 31 P-MRS, during 15 min of ischemia in the tibialis anterior muscles of 6 young men. ATP production and intramyocellular PO2 were quantified throughout ischemia. Critical PO2, determined as the PO2 corresponding to the point where PCr begins to decline (PCrip) in resting muscle during ischemia, was 0.35 Ϯ 0.20 Torr, means Ϯ SD. This in vivo value is consistent with reported values ex vivo and does not support the notion that critical PO2 in resting muscle is higher when measured in vivo. Furthermore, we observed a 4.5-fold range of critical PO2 values among the individuals studied. Regression analyses revealed that time to PCrip was associated with critical PO2 and the rate of myoglobin desaturation (r ϭ 0.83, P ϭ 0.04) but not the rate of ATP consumption during ischemia. The apparent dissociation between ATP demand and myoglobin deoxygenation during ischemia suggests that some degree of uncoupling between intracellular energetics and oxygenation is a potentially important factor that influences critical PO2 in vivo.
phosphocreatine; deoxymyoglobin; bioenergetics; oxidative phosphorylation; mitochondria THE RELATIONSHIP BETWEEN INTRACELLULAR oxygen tension (PO 2 ) and mitochondrial respiration is complex. As oxygen tension declines during ischemia or exercise, the cell first reaches a state of "metabolic adaptation," in which oxygen plays a regulatory role in sustaining mitochondrial ATP flux, but there is no overt impairment of ATP synthesis (3) . This regulation may be accomplished through coupling of PO 2 and the phosphorylation and/or redox potential, and the magnitude of the range is dependent upon the rate of ATP production (33) . As PO 2 declines within this range of metabolic adaptation, the continued ATP demand of the cell would be expected to increase the driving force for oxidative phosphorylation by increasing [ADP] and the redox state (3, 33) . At some point, as PO 2 continues to fall, the rate of mitochondrial ATP synthesis becomes limited by oxygen availability (3) . When this critical PO 2 is reached, the cell must satisfy its energetic needs by increasing ATP synthesis through anaerobic glycolysis and/or hydrolysis of stored high-energy phosphates [i.e., phosphocreatine (PCr) and ATP].
A number of studies have been designed to identify a precise critical PO 2 , below which mitochondrial ATP flux is impaired. In isolated mitochondria from rat liver and heart tissue, the critical PO 2 has been shown to be less than 1 Torr (4, 9, 24) . When measured across the intracellular space of dog gracilis muscle, the critical PO 2 was found to be ϳ 0.5 Torr (7) . The similarity of these values suggests that the PO 2 gradient between the cytosol and the mitochondria in whole cells is minimal. Although Gayeski and Honig (8) initially confirmed this notion by cryospectrophotometry, a subsequent reassessment of the methodology revealed that intracellular O 2 gradients in exercised muscle may have been underestimated by this method (30) . Nonetheless, the cytosolic critical PO 2 should be similar to that measured at the cytochrome level, at least in resting muscle (31) . It is interesting to note that somewhat higher critical PO 2 values (1.25 Torr) were observed in the extracellular space in single rat cardiac myocytes (21) and from the interstitium of intact rat spinotrapezius muscle (2.4 -2.9 Torr) (22) .
While it is possible that higher interstitial compared with intracellular critical PO 2 values are due to a steep oxygen gradient across the sarcolemma (31) , controversy remains regarding the lack of consistency between in vitro and in vivo measures of critical PO 2 in skeletal muscle. At this time, the data are equivocal, as there is some evidence to suggest, for example, that the oxygen sensitivity of cytochrome c oxidase is higher in vitro than in vivo (28) . Higher oxygen sensitivity would allow respiration to continue at a lower PO 2 in vitro compared with in vivo, resulting in a lower critical PO 2 in vitro. However, other investigators found that in vitro estimates of critical PO 2 were similar to those found in surgically exteriorized muscle of anesthetized animals (7, 22) .
Notably, several older studies showed that oxygen consumption in resting skeletal muscle increases in response to increased blood flow and arterial oxygenation (6, 18) , suggesting that respiration may be limited by oxygen availability, even at rest. However, more recent work suggests that this scenario is unlikely, as myoglobin is only ϳ9% desaturated in resting muscle, which corresponds to a resting intracellular PO 2 of ϳ34 Torr (20) ; a number that is well above reported values for intracellular or interstitial critical PO 2 . Furthermore, other investigators find that changing blood flow or PO 2 has no effect on oxygen uptake by resting or contracting skeletal muscle unless PO 2 was below a critical threshold (23, 27) . One possible explanation for the inconsistencies regarding critical PO 2 is that the absence of intact circulatory and regulatory systems in vitro may result in lower critical PO 2 values than would be observed under noninvasive conditions in vivo. In particular, the role of myoglobin in intracellular oxygen transport is ignored in measurements of critical PO 2 in isolated mitochondria.
The ability to simultaneously measure intracellular oxygenation and high-energy phosphates using concurrent heteronuclear magnetic resonance spectroscopy (MRS) provides an opportunity to determine critical intracellular PO 2 in resting human skeletal muscle in vivo and noninvasively. This technique overcomes many of the limitations inherent in more commonly used approaches, such as phosphorescence lifetime decay, NADH fluorescence, and oxygen microelectrodes. First, concurrent MRS allows essentially simultaneous measurement of changes in intracellular oxygenation and energetics, whereas other methods typically require separate, parallel experiments. Second, MRS samples from a relatively large volume of tissue and represents an average response over many potentially heterogeneous regions within the tissue. Compared with techniques that necessitate small tissue samples, MRS is less susceptible to sampling errors due to this type of heterogeneity. As a result, however, MRS lacks the spatial resolution to detect differences in energetics between cells. Finally, MRS is noninvasive and allows rapid, repeated measurements from human skeletal muscle in vivo.
The aim of the present study was to combine proton ( 1 H) MRS measures of the proximal histidyl N ␦ H signal from deoxymyoglobin (dMb) with phosphorous ( 31 P) MRS measures of PCr, ATP, and pH to determine the intracellular critical PO 2 of resting human tibialis anterior muscle in vivo. The critical PO 2 was established as the PO 2 at which, during ischemia, the muscle began to rely on the net breakdown of PCr to satisfy its energy demands. The 31 P and 1 H variables were used to estimate rates of ATP production and myoglobin (Mb) desaturation, respectively, throughout ischemia.
MATERIALS AND METHODS
Subjects. Six healthy young men were enrolled in this study (29 Ϯ 3 years) . Their physical activity levels ranged from recreationally active to endurance trained. All subjects gave written informed consent, as approved by the University of Massachusetts, Amherst, and the Yale University School of Medicine institutional review boards, and in conformance with the standards set by the Declaration of Helsinki.
Experimental arrangement. Subjects were positioned supine in the bore of a 4.0-Tesla whole-body, superconducting magnet (Bruker Biospin, Rheinstetten, Germany) with a probe assembly consisting of coplanar 7-cm diameter 1 H and 3 cm ϫ 5 cm elliptical 31 P surface coils secured over the tibialis anterior muscle. A blood pressure cuff was placed around the thigh and connected to a rapid cuff inflator (Hokanson, Belleview, WA) for occlusion of blood flow to the lower leg. The lower leg was immobilized with Velcro straps across the shank and just distal to the knee. Correct positioning of the leg in the isocenter of the magnet was ensured using transverse gradient-echo scout images. Scout images were also used to select a region of interest within the tibialis anterior muscle for localized shimming on the muscle water peak using the FASTMAP method (26) . This shimming procedure yielded a full width at half-maximal height of the unapodized PCr peak of 9.4 Ϯ 1.5 Hz (mean Ϯ SD, all subjects), indicating excellent magnetic field homogeneity in the volume of interest.
Procedures. Proton scans of dMb were acquired at 170.6 MHz using a 500-s, frequency-selective Gaussian pulse centered 12.5 kHz downfield of the water peak [repetition time ϭ 25 ms, sweep width ϭ 30 kHz, number of acquisitions ϭ 80, yielding 1 free induction decay (FID) every 2 s]. Phosphorous scans were acquired at 68.98 MHz using a 125-s hard pulse with a nominal 60 degree flip angle (repetition time ϭ 2 s, 2,048 data points, sweep width ϭ 8 kHz). The 1 H and 31 P scans were acquired in an interleaved manner by alternating the nucleus of interest every 2 s, using the Bruker Multiscan Tool. Thus, one complete cycle occurred every 4 s.
After initiation of the interleaved pulse sequence, subjects rested for 86 s with intact blood flow before the thigh cuff pressure was increased to 240 Torr to induce ischemia to the lower leg. After 15 min of resting ischemia, the cuff pressure was released, and the interleaved scans continued for a recovery period of 10 min.
Spectral analysis. Prior to analysis, the interleaved FIDs were parsed into 1 H and 31 P data sets. A final temporal resolution of 8 s was then achieved for each nucleus by averaging 2 successive FIDs. All spectral analyses were performed using NUTS software (Acorn NMR, Livermore, CA). Proton FIDs were first apodized with a mixed Lorentzian/Gaussian multiplier (Ϫ300 Hz/0.1), followed by zerofilling and Fourier transform. The resulting spectra were phased manually and baseline-corrected using a fifth-order polynomial fit of the baseline region. The area of the dMb peak was quantified using an interactive, least-squares curve-fitting routine to optimize peak width, chemical shift, height, and fraction lorentzian. 31 Phosphorous FIDs were apodized using an exponential multiplier corresponding to 10 Hz of line-broadening, followed by zero-filling and Fourier transform. After manual phasing, the underlying broad peak due to the phosphorous in bone was removed with a polynomial fit to obtain a flat baseline. Peaks corresponding to PCr, inorganic phosphate (P i) and ␥ATP were then fit with Lorentzian-shaped curves to quantify their respective areas. Two peaks were used to fit ␥ATP.
Calculations. Concentrations of PCr and P i were calculated assuming a constant [PCr] ϩ [Cr] ϭ 42.5 mM (12) . The change in [Pi] and [Cr] were assumed to be equivalent based on the equilibrium of the creatine kinase reaction and impermeability of the cell to P i and free creatine (15) .
[ATP] was assumed to be 8.2 mM at baseline (12) , and changes in [ATP] were determined from the ␥ATP peak before and at the end of ischemia. The chemical shift of the P i peak relative to PCr was used to calculate intracellular pH (13) . The rate of ATP consumption was determined from the linear rate of PCr hydrolysis during ischemia (2, 10) based on the stoichiometry of PCr and ATP hydrolysis and the absence of net ATP hydrolysis. Under these conditions, the rates of ATP consumption and production are equivalent.
Our determination of ATP consumption rate assumes that the rate of PCr hydrolysis and ATP demand are equivalent and that anaerobic glycolysis has a negligible contribution to PCr synthesis. This assumption is based on previous reports that, following muscle contractions, PCr resynthesis is absent when the muscle is kept ischemic (2, 11, 19) . However, Amara et al. (1) found that anaerobic glycolysis accounts for Ͻ8% of total ATP turnover in ischemic human skeletal muscle at rest. In consideration of this study, we point out that our assumptions of negligible glycolytic flux during resting ischemia may underestimate ATP turnover by up to 8%. Although we (16) and others (5) have previously reported transient glycolytic flux persisting for several seconds following vigorous muscle activity, we find no evidence that glycolytic flux has a measurable contribution to ATP supply under the conditions of the present study.
The area of the dMb peak was expressed relative to its level at maximum desaturation, established from an average of the dMb peak area during the final 5 min of ischemia. Recently, we showed that 10 min of ischemia is sufficient to fully desaturate Mb (29) . Intracellular PO 2 (Torr) was calculated from the oxygen binding curve for myoglobin:
where f is the fractional desaturation of myoglobin, and assuming a P 50 for myoglobin of 2.39 Torr (25) .
Statistical analyses. During ischemia, PCr was expected to remain steady initially, followed by an inflection point after which PCr would decrease at a constant rate. Herein, the term inflection point refers to the point in time where the fit of two linear slopes describing PCr or pH intersect. Intracellular pH was expected to remain constant, followed by alkalosis, as protons were consumed by the hydrolysis of PCr. To determine the time point indicating compromised oxidative production of ATP (i.e., critical PO 2), [PCr] during ischemia was plotted for each subject and a segmented, bilinear regression model was used to fit the data (PROC NLIN in SAS, Statistical Analysis Software Institute, Cary, NC), according to the following function (32) :
where Y is the predicted [PCr], a 0 is the intercept of the first line, a1 is the slope of the first line, b1 is the slope of the second line, and ip is the inflection point. For all cases where time Ͻ ip, id was assigned a value of 1, indicating that the data point belonged to the first line.
When time Ն ip, id was assigned a value of 0, indicating that the data point belonged to the second line. The NLIN procedure was used to simultaneously estimate a 0, a1, b1, and ip, based on a two-stage iterative fitting procedure that minimized the error sums of squares for the above model. To evaluate the onset of alkalosis, changes in pH during ischemia were also fit on an individual basis using the bilinear model, as that model yielded a very good fit of the data along with an ip for pH. The appearance of dMb (% max) was plotted for each subject and fit using a 5-parameter sigmoidal curve:
where Y is dMb at time x, Y 0 is dMb at time 0, a is the amplitude, x is time, x0 is the inflection point of the sigmoid, and b describes the curvature of the sigmoid. The resulting coefficients for each subject were used to predict the relative dMb where x ϭ ip (from Eq. 2) for each subject. Equation 1 was then used to calculate the intracellular PO 2 from the predicted dMb at this sample time. For each subject, the rate of Mb desaturation was determined from the slope of a linear fit of all dMb values between 20% desaturation and the dMb inflection point (x 0), obtained from the sigmoidal fit. Critical PO2 was operationally defined as the PO2 at the ip for PCr. A paired t-test was used to compare [ATP] at rest and at the end of ischemia to confirm the absence of net ATP hydrolysis. Linear regression analyses were used to examine the extent to which the intersubject range in critical PO 2 values was associated with ATP production rate, the rate of Mb deoxygenation, and the time required to reach the PCr inflection point. All statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA). Unless otherwise stated, data are expressed as mean Ϯ SD, and precise P values are given.
RESULTS
Phosphocreatine, pH, and deoxymyoglobin during ischemia. Intramuscular 31 P metabolites and deoxymyoglobin were monitored simultaneously in the tibialis anterior muscle during 15 min of ischemia. The Fig. 1 , top, shows a stackplot of 31 P MRS spectra from a representative subject, with 8-s temporal resolution. Fig. 1 , bottom, shows a stackplot of 1 H MRS spectra measured simultaneously from the same subject with the same temporal resolution. As expected, no dMb signal was observed during the rest interval prior to cuff inflation. The dMb peak became evident within 1 min of cuff occlusion. Rapid recovery of PCr and dMb upon release of the cuff is evident. Fig. 2 , top, shows [PCr] for the same subject depicted in Fig.  1 . The concentration of PCr did not differ from the preocclusion value until 184 s of ischemia, after which it decreased at a linear rate. Deoxymyoglobin increased until a plateau was reached at ϳ400 s of ischemia, consistent with complete desaturation of Mb at that point. Fig. 2 , bottom, shows the intracellular pH response, which is initially constant, followed by an inflection point after which pH increased linearly with time. The lines resulting from iterative bilinear fits for PCr and pH are shown as black dashed lines, and the inflection points are indicated by the gray vertical dotted lines. At the time of the PCr inflection point, dMb was 77% of maximal, which corresponded to a critical PO 2 of 0.72 Torr for this particular subject.
The average response of all six subjects (Fig. 3) was qualitatively similar to the single subject shown in Figs. 1 and 2 . During the initial portion of ischemia, [PCr] was constant, followed by an inflection point after which [PCr] decreased linearly. Intramuscular pH was initially stable, followed by a steady alkalosis that coincided temporally with the linear decline in PCr. The correspondence of these changes in PCr and pH, along with the modest drop in PCr and increase in Pi during the short bout of ischemia, indicate that anaerobic glycolysis was not likely to have increased above basal levels. On average, dMb began to increase immediately upon cuff inflation and reached a plateau after several minutes The mean inflection points for PCr and pH are provided in Table 1 . No change in [ATP] was observed during the protocol in any subject (P ϭ 0.42, Fig. 3) .
Myoglobin deoxygenation, ATP production, and critical oxygen tension. Means, variance, ranges, and confidence intervals are given in Table 1 for time to PCr and pH inflection points, dMb at the PCr inflection point, critical PO 2 and ATP production rate. Notably, we observed a 4.5-fold range in critical PO 2 values. Linear regression analyses revealed that the time to the PCr inflection point was the best single correlate with critical PO 2 (r ϭ 0.69, P ϭ 0.040, Fig. 4A ). In addition, the time required to reach the PCr inflection point was not associated with the rate of ATP consumption (r ϭ 0.004, P ϭ 0.909, Fig. 4B ) but was strongly related to the rate of Mb deoxygenation (r ϭ 0.875, P ϭ 0.022, Fig. 4C ) and to the time to the inflection point for intracellular pH (r ϭ 0.98, P ϭ 0.002, Fig. 4D ). There was no association between ATP demand and the rate of myoglobin deoxygenation during ischemia (r ϭ 0.21, data not shown).
DISCUSSION
Although critical PO 2 values have been determined previously in animal tissue in vitro and in situ (4, 7-9, 21, 22, 24), we sought to measure critical PO 2 in intact, resting human skeletal muscle to address the question of whether this key mitochondrial characteristic is different from existing literature values when measured in vivo. The results of this study show that the minimum intracellular PO 2 required to sustain adequate mitochondrial ATP production to meet the energy needs of resting human skeletal muscle averaged 0.35 Torr in vivo, with a range of 0.16 -0.72 Torr. Below this critical PO 2 , net breakdown of PCr was required to augment oxidative ATP production and maintain [ATP] . This range is similar to the values of Ͻ1 Torr measured from mitochondrial preparations from ro-dent liver and heart tissue (4, 9, 24). The mean value of 0.35 Torr obtained here is also in excellent agreement with our own recent estimate of an in vivo critical PO 2 of 0.37 Torr, derived from the dMb inflection point during ischemia in resting human tibialis muscle (29) , and only slightly lower than that of Gayeski et al. (7), who reported an intracellular critical PO 2 of ϳ0.5 Torr in dog gracilis muscle.
Other investigators (21, 22 ) who have measured extracellular or interstitial PO 2 reported critical PO 2 values that are consistently higher (1.25-2.9 Torr) than our in vivo, intracellular values. This discrepancy is likely explained by the steep oxygen gradient across the plasma membrane (31) . In addition, the choice of the assumed value for myoglobin P 50 is also an influential factor in estimating critical PO 2 . The value of 2.39 Torr used in the present study is based on multiple-wavelength spectroscopy measurements at physiological temperature and pH, with simultaneous correction for met-myoglobin contamination (25) . The value for percent myoglobin desaturation is given in Table 1 to allow recalculation of critical PO 2 using alternative P 50 values. To date, critical PO 2 measurements have been performed almost exclusively in animal tissues ex vivo or in situ. The novelty of the present study is the concurrent, noninvasive measurement of energetics and oxygenation to determine the intracellular critical PO 2 in resting human skeletal muscle.
Measurement of energetics and critical PO 2 in vivo. We observed a 4.5-fold range of critical PO 2 values in the six subjects that we studied. For this range of values, critical PO 2 was significantly associated with the time required to reach an inflection point for PCr during ischemia, such that individuals 31 P and 1 H magnetic resonance spectroscopy (MRS) spectra from the tibialis anterior muscle during ischemia in a single subject. Representative stackplots of phosphorous (top) and proton (bottom) spectra at rest (first spectrum, 60-s average) and throughout 15 min of ischemia (8-s temporal resolution), and 10 min of reperfusion (8-s temporal resolution). The first spectrum in each plot shows the baseline in resting muscle, prior to ischemia. Phosphocreatine (PCr) and inorganic phosphate (Pi) remained constant during the initial portion of ischemia (illustrated by the black bars) and then showed linear changes with time. Following cuff release (illustrated by the gray bars), both metabolites rapidly recovered to resting levels. The signal corresponding to deoxymyoglobin (dMb) was not apparent at rest but became visible shortly after ischemia was induced. The dMb signal reached a plateau after ϳ5 min of ischemia, and recovered rapidly upon cuff release.
with the longest inflection point times had the lowest critical PO 2 values and those with the highest critical PO 2 values reached the inflection point more rapidly (Fig. 4A) . We expected to find a significant negative association between the time to the PCr inflection point and the rate of ATP consumption (i.e., the slope of PCr following the inflection point) in resting muscle, based on the assumptions that 1) [Mb] is similar among individuals, 2) oxygen consumption is proportional to ATP demand, and 3) critical PO 2 is a constant mitochondrial characteristic in resting muscle. However, we found no association between PCr ip and the slope of PCr depletion (Fig. 4B) , suggesting that the ATP demand of resting muscle was not a primary determinant of the time required to reach the point where the mitochondria failed to satisfy the demand for ATP, i.e., critical PO 2 . Additional factors such as capillarity, muscle blood volume, and myoglobin concentration may also differ across individuals, and we cannot exclude the possibility that these factors may explain a portion of the range of critical PO 2 values observed in this study.
Regression analyses also revealed that PCr ip , which identified the critical PO 2 , was significantly associated with the rate of myoglobin desaturation (Fig. 4C) , but not the rate of ATP consumption during ischemia (Fig. 4B ). This dissociation between ATP demand and myoglobin deoxygenation during ischemia (r ϭ 0.21) suggests that some degree of uncoupling between intracellular energetics and oxygenation is a potentially important factor that influences critical PO 2 in vivo. The source of this variation in critical PO 2 is not clear at present, but it appears that variation in this characteristic may be accompanied by differences in the time spent in the adaptive phase of energy metabolism proposed by Connett et al. (3), as discussed below. It is important to emphasize that the measurements of critical PO 2 in the present study are specific to resting skeletal muscle, and values during contractions are likely to be quite different (3, 14, 24) .
As observed in Fig. 2 , myoglobin continued to desaturate for a brief period of time (ϳ40 -56 s) following the PCr inflection point. Because we define critical PO 2 as the point where the rate of oxidative phosphorylation becomes limited by oxygen availability, rather than the point where oxygen consumption ceases, a portion of the continued myoglobin desaturation may reflect residual oxygen consumption by the mitochondria. During this brief period, therefore, both oxidative phosphorylation and the breakdown of PCr contribute to total ATP production. A small portion of this continued oxygen consumption may be attributed to nonmitochondrial oxygen consumption in muscle tissue (23) . We might also speculate that this represents the metabolic adaptation phase proposed by Connett et al. (3), but resolving this phase in resting muscle is problematic (see DISCUSSION below). Overall, the close approximation of the PCr data by the bilinear model (Fig. 2) suggest that our estimates of critical PO 2 are accurate.
While the measure of Mb desaturation used here is relatively straightforward, the measurement of in vivo ATP production is somewhat more complex (2, 10). When blood flow to resting muscle is occluded, intracellular oxygen stores will be used to support mitochondrial ATP synthesis. When the oxygen concentration becomes insufficient to maintain respiration, PCr stores will be consumed to meet the ATP requirements of the cell. The rate of PCr hydrolysis upon depletion of intracellular oxygen provides a convenient measure of the rate of ATP consumption at rest, assuming that the metabolic rate of the muscle does not change during the 15 min of ischemia (2, 10) . The data from the current study support this assumption, as we observed a linear decline in PCr concentration following the inflection point.
Another key assumption for the estimation of ATP production in vivo is that, under these conditions, there is no increased synthesis of ATP via anaerobic glycolysis. If a compensatory increase in anaerobic glycolysis occurs, the change in PCr during ischemia would be tempered somewhat by the shift in the source of ATP, and we would thus underestimate the true [PCr] remained at baseline level during the initial minutes of ischemia, followed by a steady decline and subsequent recovery upon release of cuff occlusion. dMb increased immediately upon cuff inflation, plateaued during the final few minutes of ischemia, and rapidly recovered following cuff release. Similar to the response of PCr, pH was initially stable, then progressively increased after an inflection point. The phosphocreatine (PCr) and pH inflection points were determined from iterative bilinear fits for each subject. Critical PO2, defined here as the PO2 at which oxidative phosphorylation became compromised, was calculated from the relative desaturation of myoglobin (%max) observed at the PCr inflection point. ATP production in the resting tibialis anterior was calculated based on the 1:1 stoichiometry of PCr and ATP in the creatine kinase reaction. CI, confidence interval. See text for details. rate of ATP production or consumption. Two pieces of evidence argue against this possibility. First, while we and others have shown previously that a small amount of glycolytic PCr resynthesis occurs in the first few seconds of an ischemic recovery period following intense muscle contractions (5, 16) , the measurements in the present study were conducted on resting muscle, where the levels of cytosolic calcium, P i , or AMP would be unlikely to reach levels sufficient to elicit this effect. Second, the pH data acquired during the present study do not support the notion that anaerobic glycolysis was contributing to the supply of ATP during ischemia. As shown in Figs. 2 and 3 , the decline in PCr during ischemia was accompanied by steady alkalosis, consistent with consumption of protons in the creatine kinase reaction. The linear rate of alkalosis suggests that anaerobic glycolysis, which would result in acidosis or a blunted alkalosis, was not buffering the changes in PCr during ischemic rest. Fig. 4D indicates close agreement between the PCr and pH inflection points, which adds support to the notion that the two inflection points are nearly coincident, and the proton stoichiometry of the creatine kinase reaction is a major determinant of the changes to intracellular pH during ischemia. Finally, our values for resting ATPase rates in the tibialis anterior muscle (Table 1) were similar to those reported from the quadriceps or forearm muscles [0.007-0.010 M ATP/s, (2, 10, 12) ]. Overall, the 31 P MRS measure of ATP production used here is considered to be a robust measure of intracellular energetics in vivo.
Integrative model of intracellular energetics and PO 2 . Our reported range of critical PO 2 can also be examined in the context of the model for four ranges of PO 2 within skeletal muscle proposed by Connett et al. (3) . Within range 1, oxygen is present at saturating levels, and falling PO 2 will have no effect on the metabolic state. Range 2 is defined as metabolic adaptation, in which decreasing PO 2 does not change mitochondrial respiration, although there is some compensation to maintain ATP production through greater perturbations in the redox state and/or phophorylation state. Within range 3, oxygen tension becomes rate-limiting to mitochondrial ATP production, and range 4 is characterized by impaired cell function. In our study, we are defining the critical PO 2 as the threshold between ranges 2 and 3. The range between thresholds 1 and 2 (i.e., the metabolic adaptation phase) is difficult to define under our experimental conditions. In resting muscle, when ATP flux is a small percentage of maximum, the PO 2 range that defines this adaptation phase is quite narrow compared with exercise (3). Consequently, under these experimental conditions, in which the resting skeletal muscle is rapidly deoxygenated, it is likely that the transition from range 1 to range 3 occurs very quickly, perhaps on a time scale that is undetectable by in vivo MRS. In a similar study of mouse hindlimb muscle, Marcinek et al. (17) found that intracellular PO 2 declined to less than 2 Torr in the absence of any change in PCr levels. The authors reject the idea that the cell adapts to lower oxygen tensions through changes in phosphorylation state. While we find no evidence for a metabolic adaptation phase like that defined by Connett et al. (3) under the conditions of this study, we do not reject the concept, but emphasize the need for experiments employing steady-state titrations in intracellular oxygen with simultaneous monitoring of ATP production, PO 2 , and phosphorylation state. Although speculative, the 4.5-fold range of critical PO 2 observed in the present study could be Fig. 4 . Associations between energetic variables. The time required to reach the PCr inflection point during ischemia was significantly associated with critical PO2 (A). The time to reach the PCr inflection point was not associated with the rate of ATP production (B), but it was associated with the rate of Mb desaturation (C). For each subject, the rate of Mb desaturation was determined from the slope of a linear fit of all dMb values between 20% desaturation and the dMb inflection point (x0), obtained from the sigmoidal fit (see text for details). D: PCr and pH inflection points were strongly and significantly correlated, and they were close to the line of identity (Y ϭ X), indicating similarity in the two inflection point values for each subject.
explained by individual variation in the range of metabolic adaptation, such that the muscle of some subjects is better able to compensate for decreasing PO 2 , and thus maintain mitochondrial ATP synthesis in the face of falling oxygen tension. As proposed by Connett et al. (3) , the effects of increased mitochondrial redox state on increasing the driving force for ATP synthesis may explain the range of critical PO 2 values observed in the present study.
Perspectives and Significance
The experiment and analyses reported here provide in vivo evidence of critical PO 2 values less than 1 Torr in resting human skeletal muscle. Our critical PO 2 values are consistent with reported values ex vivo and thus do not support the notion that critical PO 2 is higher when measured in vivo. It is important to consider that critical PO 2 of exercising muscle may be higher than the resting values reported in this study. The range of critical PO 2 values among the 6 individuals studied seems to be predicted by the kinetics of myoglobin desaturation, but not the rate of ATP consumption in resting, ischemic human skeletal muscle. This apparent dissociation between ATP demand and myoglobin deoxygenation during ischemia suggests that some degree of uncoupling between intracellular energetics and oxygenation is a potentially important factor that influences critical PO 2 in vivo. Furthermore, the observed range of critical PO 2 values may be explained by individual variation in the range of metabolic adaptation (3), such that the muscle of some subjects compensates more readily to decreasing PO 2 , and thus maintains mitochondrial ATP synthesis despite falling oxygen tension, possibly by increasing the redox state of the mitochondria.
Conclusions. It is likely that critical PO 2 is influenced by many factors such as age, physical activity, and the metabolic phenotype of the tissue studied. The observed range of critical PO 2 values reported here underscores the need for a better understanding of the factors that regulate mitochondrial bioenergetics under conditions when oxygen availability to the cytochrome chain may become limiting.
